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The oscillatory exchange coupling between ferromagnetic (FM) layers over a non-FM interlayer [1] , the related giant magnetoresistance effect [2] and the biquadratic or noncollinear (NC) exchange coupling between FM layers [3, 4] were important recent discoveries in the field of thin film magnetism [5] . Fe/Cr(001) layered structures played the key role in these findings. Since Cr is antiferromagnetic (AF) in bulk [6] , it is of fundamental importance to understand the role of the Cr magnetism in this model system.
After the discovery of the long range period of the exchange coupling in Fe/Cr(001) as a function of Cr thickness [1] , an additional short two monolayer oscillation period was found [7, 8] exhibiting phase slips [7] . These phase slips are consistent with the same nesting vector which gives rise to the incommensurate spin density wave (ISDW) antiferromagnetism in bulk Cr. Current models for oscillatory exchange coupling [9, 10] readily explain the short period oscillation and the phase slips as a result of this nesting vector independent of the existence of any ISDW magnetic long range order (LRO) of the Cr in the same way as for non-magnetic interlayers. Initial experiments [11, 12] yielded contradictory results on the existence of any LRO in Cr interlayers.
The importance of the structure of the Fe/Cr interfaces has been pointed out by many authors. Only for growth at elevated temperatures are the short period oscillations obtained [7, 5, 13] . The phase slips observed for growth on perfect Fe whisker substrates [7] were not reproduced on a rougher GaAs/Fe/Ag substrate-buffer system [13] . Further experiments [14, 5, 15] demonstrated that for a given substrate the lateral length scale of the interface fluctuations increases strongly with the growth temperature, drastically modifying the coupling behavior.
In the recent proximity magnetism model [16] for NC coupling, such interface fluctuations and the intrinsic magnetism of AF interlayers like Cr or Mn were taken into account yielding a parabolic expression for the exchange energy causing an asymptotic approach to the saturated state as a function of applied field, in contradiction to the usual bilinearbiquadratic [3] exchange coupling formalism. Recent band structure calculations confirm this picture [17] . Although the asymptotic approach has been found in Fe/Cr(001) [15] and FeCo/Mn [18] no direct information on the magnetic structure of the interlayers in such NC coupled superlattices exists.
Here we present high angle neutron scattering data giving access to the magnetic structure of the Cr interlayers in Fe/Cr(001) superlattices. The results are correlated with polarized neutron reflectometry (PNR) and magneto optic Kerr effect (MOKE) data on the coupling of the Fe layers. We find that strong NC exchange coupling between the Fe layers occurs as soon as a frustrated, commensurate structure of AF Cr spirals forms.
The samples were grown in a MBE system at 300
• C at a pressure ≤ 10 −10 mbar using High angle x-ray data with sharp superlattice peaks up to third order are proof of a coherent superlattice structure. Energy dispersive X-ray (EDX) analysis yielded the relative Fe and
Cr contents which, combined with the measured superlattice period, provided the layer thicknesses. X-ray scattering and EDX spectra taken from the center and near the edges of the samples confirmed a perfect lateral homogeneity obtained by continuous rotation of the sample during growth.
High angle neutron measurements were performed at NIST on the SPINS spectrometer.
Bulk Cr is AF below its Néel temperature T N,ISDW = 311 K exhibiting an ISDW [6] .
Depending on polarization (longitudinal or transverse) and propagation, the ISDW causes Thus, below a D Cr,min the ISDW can not form even for the lowest temperature measured.
T N,COM is significantly enhanced with respect to the bulk T N,ISDW . Such a high T N,COM has been observed in strained commensurate Cr in bulk [6] . Our observations are qualitatively consistent with a recent theoretical study [20] The subscripts in the brackets designate the layer thicknesses inÅ, whereas the one outside gives the number of bilayers. To characterize the magnetic order of the Fe layers we used hysteresis loops measured by MOKE and PNR with polarization analysis as detailed in Ref. [15] . A PNR scan of the sample taken at RT [23] near remanence on the reflectometer BT-7
at NIST is shown in the left inset of The coherence length of the magnetic order of the Cr along the growth direction can be determined from scans through (001) along [00l]. As shown in Fig. 3 we again observe a multi component intensity around the (001) position. The peak can be decomposed into a sharp fundamental reflection and one satellite peak on each side [25] . As in Fig. 2 these satellites are offset with respect to the fundamental reflection by ∆Q = 2π/Λ Cr,AF . However, they are much broader. This indicates an out-of-plane coherence length of only about 60
A for the AF Cr modulation. Thus, we observe coherence of the NC order of the Fe layers over many bilayers (from the PNR data) and of the commensurate AF structure of the Cr (from the sharp central peak in Fig. 3 ). On the other hand we find a short coherence of the AF Cr modulation.
Consequently, the schematic in the inset of Fig. 2 is idealized. In the following we consider disorder. In the inset of Fig. 3 Fig. 3 . Specifically, these calculations also reproduce the line shape in the main part of Fig. 2 , confirming the insensitivity of such a scan to the vertical disorder. Furthermore, the small intensity of the central peak in Fig. 3 is explained as a destructive interference due to fluctuating Fe thicknesses. The lateral disorder depicted in the model structure of Fig. 3 is fully confirmed e.g. by recent diffuse x-ray scattering data from similarly prepared Fe/Cr superlattices [15] . Also it is obvious that the in-plane magnetic structure must be limited in coherence as well due to the lateral fluctuation. So far we have correlated NC coupling between the Fe layers with a specific LRO in the Cr interlayers. Finally, we study the effect on the coupling between the Fe layers when 6 the Cr order vanishes at T N,COM . In Fig. 4 the temperature dependence of the (001) peak intensity is shown for the same sample. Clearly, the LRO in the Cr interlayers vanishes around 500 K. In the insets we show hysteresis loops measured by MOKE along an easy axis of the in-plane anisotropy at and below T N,COM . Below T N,COM , the sample is not saturated at 2 kOe indicating strong exchange coupling. In passing we note that equivalent hysteresis loops measured up to 10 kOe indicate the asymptotic approach to saturation expected for the proximity magnetism model [15, 18] . At T N,COM we observe square hysteresis loops indicating parallel alignment of the Fe layers. Consistently, the PNR half-order peak observed below T N,COM vanishes above T N,COM in a 60 G field. Thus, the strong NC exchange coupling observed below T N,COM vanishes with the Cr LRO.
In the following we discuss our results in the framework of other available data. Meersschaut et al. [11] found a longitudinal ISDW with the moments oriented out of the film plane for D Cr above 75Å and measured Cr to be nonmagnetic for thicknesses below 60Å by perturbed angular correlation spectroscopy. We clearly observe LRO down to smaller D Cr .
Furthermore, in the whole D Cr range discussed here the Cr moments are predominantly in the film plane. In so far our results are confirmed by Fullerton et al. [12] . The solid lines separating the C and I regions in Fig. 1 were chosen such that the Cr thickness dependent T N,ISDW reported in Ref. [12] essentially lies in our transition region (T) from I to C order. In Ref.
[12] a paramagnetic phase above T N,ISDW is reported whereas here we find commensurate AF order for large D Cr similar to theoretical predictions [20] .
In this letter we have focused on small D Cr where least experimental data is available.
In this regime the exchange coupling is strongest and most important aspects of exchange coupling have been discovered. We find that strong NC coupling occurs below the ordering temperature of a C spiral AF structure in the Cr layers. This is exactly opposite to the results for larger thicknesses in the I phase. Here NC coupling has been correlated with the absence of Cr LRO [26, 27] . 
